1. Introduction {#sec1}
===============

Thiamine, known as vitamin B1, has key role in energy metabolism ([@bib16]). It is the starting compound of thiamine pyrophosphate which is a cofactor of enzymes in catabolism of glucose in glycolysis (*piruvate dehydrogenase, EC 1.2.1.5, transketolase, EC 2.2.1.1*) and in citrate cycle (*α-ketoglutarate-dehydrogenase, EC 1.2.4.2*) ([@bib14]). Modern western diet is loaded with simple carbohydrates results in high calorie malnutrition. Breakdown of glucose, processed in the body from carbohydrates, automatically increases the need for this vitamin ([@bib7]).

In case of thiamine deficiency serious symptoms occur. The name of syndrome is beriberi, which was relatively common in Asia. Consequently extensive research has been conducted primarily in Japan (Vitamin B Research Committee) in the middle of 20^th^ century ([@bib27]) resulting expansion of knowledge. Scientist observed a compound which shows thiamine effect in vivo. This property was kept in presence of known thiamine inactivating agents. This compound has been named as allithiamine because it was isolated from the genus *Allium* ([@bib8]). Allithiamine was the first and only natural fat-soluble thiamine derivative, which has been identified only in the *Allium* genus so far. This step was the basis for further research ([@bib19]). Lipid-soluble thiamine analogues were developed after the discovery of allithiamine. These lipophilic compounds are often referred to as "allithiamines". This denomination is improper because these synthetic molecules are not present in *Allium* species and do not possess any allyl group ([@bib32]).

The absorption of apolar thiamine derivatives is significantly faster compared to thiamine hydrochloride ([@bib1]). Fursulthiamine ([@bib15]), sulbuthiamine ([@bib31]) and benfothiamine ([@bib1]) are synthetic derivatives of thiamine and have been used as therapeutic agents in human medicine. Several studies showed that unphosphorylated thiamine and primarily benfothiamine can be used effectively in preventive therapy of diabetic complications ([@bib4]; [@bib11]; [@bib17]; [@bib33]).

Diabetes mellitus (DM) is a metabolic, endocrine disorder with serious complications ([@bib9]), which are causing different economic, social and consequently mental damages in societies of 21st century ([@bib34]). Moreover latest prognosis of World Health Organization (WHO) predicted an increasing prevalence of DM. DM is accompanied by hyperglycaemia that has a central role of degeneration of microvasculature. Harmful intermediates and consequential oxidative stress can be responsible for abnormality of microvasculature and consecutive tissue damages ([@bib5]). Diabetic neuropathy (DN) is one of the most common consequences of the diabetes if hyperglycaemia persists. The pathogenesis of diabetic neuropathy has remained the subject of research. Nevertheless there seems to be a close relationship between the degree and duration of hyperglycaemia and the consequential alternative pathological pathways ([@bib30]). Symptoms of serious diabetic neuropathy are painful and result in such a physical and mental condition in which patient\'s quality of life is significantly and continuously deteriorated ([@bib22]). Many studies suggest that fat-soluble thiamine derivatives are able to prevent progression of neuropathy ([@bib12]). One of the possible reason is the predominantly apolar environment in the neuronal tissue.

Plant origin active agents play critical roles in modern drug development and in treatment or prevention of human diseases ([@bib23]). Related disciplines such as nutritional science and functional food science have significant influences in human medicine, food production and eating habits. Their importance will probably increase in the future. Furthermore more and more studies focus on investigating of plants which can be a new source of well-known and characterized compounds ([@bib13]; [@bib24]).

These were kept in mind during our experiments when we searched a new source of allithiamine. Recently, there is a growing interest in the use of by-products of food processing, because several agricultural products are under-utilized ([@bib26]; [@bib25]). In case of pepper only a small part of the plant material is used directly for human consumption ([@bib6]). Pepper seeds are also defined as food waste, although the chemical composition and biological properties of *C. annuum* seeds are excellent ([@bib28]). Several studies have reported that the sterol content ([@bib20]), fatty acid composition ([@bib18]), and antioxidant activity ([@bib29]) of pepper seeds is outstanding and its further processing should be considered.

In our experiments Hungarian red sweet pepper (*Capsicum annuum*) seeds were tested whether allithiamine is present in other plants outside of the *Allium* genus. We examined the effect of pure allithiamine in a diabetic mice model with particular regard of neuropathy.

2. Results and discussion {#sec2}
=========================

2.1. Synthesis and verification of allithimine {#sec2.1}
----------------------------------------------

During our experiments we used the synthetic route described by Matsukawa ([@bib19]) with minor modifications. During the synthesis of allithiamine a wide variety of thiamine derivatives and other by-products were also observed. Based on the chromatographic peaks, only 39 % of the end product was allithiamine. To separate the products a semi-preparative method was used applying reversed phase column and gradient elution described in 2.2.2 section. Allithiamine was eluted at 30.5 min (shown in [Fig. 1](#fig1){ref-type="fig"}), as we identified with MALDI-TOF and ^13^C-NMR spectra, which can be seen in the Figs. [2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}.Fig. 1HPLC chromatogram of a synthetic mixture.Fig. 1Fig. 2MALDI-TOF spectrum of purified allithiamine.Fig. 2Fig. 3^13^C-NMR spectrum of purified allithiamine.Fig. 3

^1^H-NMR spectral assignment was based on COSY ^1^H-^1^H connectivities. ^13^C- shifts of protonated carbons were assigned from the HSQC spectrum, while long-range carbon-proton couplings observed in HMBC spectrum aided the assignments of quaternaries. Assigned chemical shifts were in acceptable agreement obtained by the ACD spectrum prediction algorithm.

Both methods clearly demonstrated that isolated HPLC fraction contained N-\[(4-amino-2-methylpyrimidin-5-yl)methyl\]-N-\[(2E)-5-hydroxy-3-(prop-2-en-1-yldisulfanyl)pent-2-en-2-yl\]formamide, also known as allithiamine.

2.2. Extraction of allithiamine from pepper seeds and its fragmentation by HPLC-MS {#sec2.2}
----------------------------------------------------------------------------------

The main purpose of our work was to examine whether allithiamine is accumulated in other plant outside of the *Allium* genus. Seeds of plant were selected for our investigations because it is well-known that plant seeds store large amount of thiamine which is essential for seed germination. In carbohydrate and protein storage plants it has been described that thiamine is bound to proteins (TBP-thiamine binding protein). The level of protein-bound thiamine is much higher than the amount of free thiamine ([@bib10]). The question then arises: how the thiamine is stored in oil storage seeds, in which protein content is low and the apolar environment is typical.

We first examined seeds of Hungarian red sweet pepper (*Capsicum annuum*). An isolation protocol was developed which is capable for extraction of accumulated allithiamine. Liquid-liquid and solid phase extractions were performed. As a result of these extraction procedures several components have been obtained. These compounds were separated with reversed phase HPLC method described in 2.2.6 section. Allithiamine was eluted at 20.8 min see, as we identified with HPLC-MS method, the chromatogram is shown in [Fig. 4](#fig4){ref-type="fig"}.Fig. 4HPLC chromatogram of purified pepper seed oil.Fig. 4

Four characteristic fragment ions were detected in the course of the fragmentation experiments. MS^2^ spectrum of allithiamine can be seen in the [Fig. 5](#fig5){ref-type="fig"}.Fig. 5MS^2^ spectrum of allithiamine.Fig. 5

Fragment ion at m/z 281.1061 was formed by the cleavage of S-S bond of the protonated allithiamine. Same fragmentation route followed by the loss of the carbonyl group led to the fragment ion at m/z 253.1112. Next fragment ion at m/z 167.0924 resulted from cleavage of the N-C bond on the side chain of the protonated allithiamine. The fourth fragment ion at m/z 122.0712 was observed after the loss of the whole side chain of the protonated molecule by inductive cleavage of the bond between the nitrogen atom of the side chain and the carbon atom coupled to the pyrimidine ring. Illustration of most probable fragmentation pathways is included in Supplement as "Fragmentaton pathways of allithiamine".

2.3. Results of the animal experiment {#sec2.3}
-------------------------------------

In the last years several studies suggested that sulphur-containing compounds of *Allium* species could have a beneficial effect in human health ([@bib3]) ([@bib2]). Effect of the synthetic allithiamine analogues are well known and are used against degeneration of neural tissue, including diabetic neuropathy ([@bib12]). An experimental diabetic study has recently been published results of the effects of benfothiamine on neuropathic pain sensation ([@bib21]). We examined the effect of allithiamine in animal experiments on neuropathic pain sensation using tail flick test.

### 2.3.1. Effect of allithiamine and benfotiamine on tail-flick latency {#sec2.3.1}

Results of the tail-flick test are shown in [Fig. 6](#fig6){ref-type="fig"}. Before the initiation of drug treatment, there were no significant difference in the tail flick latencies among the HC, STZ-C, STZ-A and STZ-B groups. After a 5 week of drug treatment, both benfotiamine and allithiamine were able to effectively increase the tail flick time latency, indicating improvement in neuropathic pain sensation in STZ-treated diabetic mice.Fig. 6Effect of allithiamine and benfothiamine on latency time of experimental. \* indicates significant difference in tail flick latency between pre-treatment and post treatment STZ-*C group*. + indicates significant difference in tail flick latency between posttreatment STZ-C and HC, STZ-B, STZ-A groups.Fig. 6

3. Conclusion {#sec3}
=============

First, in our experiments allithiamine was synthesized using the route described by Matsukawa et al. with minor changes. We wanted to produce pure allithiamine in order to investigate a compound which has not been examined for a long time. We developed instrumental analytical system to identify allithiamine with high accuracy. Analytically pure allithiamine was obtained. This reference compound was used in further investigations. We supposed that the occurrence of allithiamine in flora is more common than the previous knowledge suggested. To prove this assumption Hungarian red sweet pepper (*Capsicum annuum*) seeds were investigated. Novel extraction technique was developed which facilitated the separation of allithiamine present in the extract of the pepper seed. HPLC-MS method was applied for identification of allithiamine. We found that allithiamine is accumulated in the seeds of Hungarian red sweet (*Capsicum annuum*) pepper. This result also expands the knowledge of the chemical composition of pepper. It should consider investigating other plant, with special regard to oilseeds.

Second, allithiamine was examined -- to our knowledge, for the first time -- and compared to benfothiamine within the framework of pilot experiments using STZ-induced diabetic mice with neuropathy. After a 5 week of drug treatment, both benfotiamine and allithiamine were able to effectively increase the tail flick time latency, indicating improvement in neuropathic pain sensation in STZ-treated diabetic mice. Since these data are results of pilot study therefore it is not suitable for drawing far-reaching conclusions. Nevertheless, the results seem to be very interesting and can be the basis of further experiments.

4. Experimental {#sec4}
===============

4.1. Materials {#sec4.1}
--------------

### 4.1.1. Plant samples {#sec4.1.1}

*Kapia,* a red sweet pepper was selected for investigations. We received pepper samples from Agricultural Research and Educational Farm of the University of Debrecen. Samples after picking were immediately frozen, and carried to the laboratory where they were kept in dark at −20 °C.

### 4.1.2. Chemicals {#sec4.1.2}

Allyl chloride, Sodium thiosulfate (Na~2~S~2~O~3~), tetrabutyl ammonium chloride (TBAC), thiamine hydrochloride, sodium chloride, ammonium phosphate ((NH~4~)PO4), sodium dihydrogen phosphate (NaH~2~PO~4~), potassium hydrogen phosphate (KHPO~4~) potassium citrate (Na~3~C~6~H~5~O~7~) sodium hydroxide (NaOH), ammonium hydroxide (NH~4~OH), streptozotocin (STZ) benfothiamine was obtained from Sigma Aldrich.

Toluene, ethanol, methanol was obtained from VWR.

Strata^TM^-X-C 200 mg/3 ml, a polymeric strong cation exchange functionalised polymer SPE tube, was bought from Phenomenex Torrance (USA).

Ultra-pure water was obtained from a Millipore (Bedfore, MA, USA) Milli-Q plus system.

4.2. Methods {#sec4.2}
------------

### 4.2.1. Procedure of chemical synthesis of allithiamine {#sec4.2.1}

Synthesis of allithiamine was carried out based on the experiments by Matsukawa et al. with minor changes. Chemical synthesis scheme can be seen in [Fig. 7](#fig7){ref-type="fig"}.Fig. 7Schematic illustration of chemical synthesis of allithiamine.Fig. 7

Allyl chloride was dissolved in toluene and sodium thiosulfate was dissolved in water. Organic and aqueous phase was mixed and stirred at 25 °C for 24 hours. Tetrabutyl ammonium chloride (TBAC) was added to the mixture to ensure maximal miscibility of the solutions. After the 24-hour stirring the reaction mixture was evaporated at 40 °C in 72--77 mbar with BÜCHI ROTAVAPOR R-210 (Switzerland). Residual fraction was stored at −20 °C and used in the further steps of synthesis.

Thiamine hydrochloride was dissolved in water at 60 °C, at pH 9. During the reaction sodium chloride was added to the mixture. Reaction of thiamine hydrochloride with opening thiazole ring and allyl thiosulfate resulted in different thiamine derivatives.

### 4.2.2. Purification of the allithiamine with HPLC-system {#sec4.2.2}

Measurements were carried out using Merck-Hitachi LaChrom liquid chromatograph, equipped with diode array detector L-7455, automatic sampler L-7250 interface L-7000, pump L7100 and HPLC System Manager Software.

Allithiamine was analysed on a LiChroCART® 250-10 RP-18 column (12 μm) using gradient elution. Eluent A was 0,011 M potassium-dihydrogen-phosphate in water pH = 4,5; eluent B was methanol. After the optimization of the HPLC conditions the following gradient steps were applied:0--5 min solvent A 100%,5--10 min solvent B to 10%,10--30 min solvent B to 35%,30--35 min solvent B to 62%.30--50 min solvent A to 90%

Flow rate was 3 ml min^−1^ and oven temperature was kept at 25 °C. UV detection was used at 250 nm wavelength.

### 4.2.3. Verification of allithiamine with MALDI-TOF MS {#sec4.2.3}

MALDI spectra of allithiamine samples were obtained in positive-ion mode using a Bruker Biflex MALDI-TOF mass spectrometer equipped with delayed-ion extraction. Desorption/ionisation of the sample molecules was effected with a 337 nm nitrogen laser. Spectra from multiple (at least 100) laser shots were summarised using 19 kV accelerating and 20 kV reflectron voltage. External calibration was applied using the \[M+Na\]^+^ peaks of cyclodextrins DP 6--8, *m*/*z*: 995.31, 1157.36, 1319.41 Da, respectively. All the spectra was obtained in 2,5-dihydroxy benzoic acid (DHB) matrix. The samples were dissolved in EtOH. 10 μL sample and 10 μL matrix solution were mixed, then 0.5 μL was applied to the sample target and allowed to dry at room temperature. The calculated values used for comparison were derived from IUPAC exact isotopic weights using XMASS 5.0 software from Bruker.

### 4.2.4. Verification of allithiamine with nuclear magnetic resonance spectroscopy (NMR) {#sec4.2.4}

Bruker Avance -II, NMR spectrometer of 500.13 MHz ^1^H resonance frequency was applied, and txi-gradient probe was used at 298 K. Methanol-d~4~ was used as solvent, and chemical shifts were referenced to residual solvent signals (3.33 and 47.65 ppm for ^1^H and ^13^C, respectively). For signal assignment 2D COSY, HSQC and HMBC spectra were recorded with pulse programs of the manufacturer.

### 4.2.5. Sample preparation {#sec4.2.5}

Illustration of sample preparation can be seen in [Fig. 8](#fig8){ref-type="fig"}. Ovary of pepper was separated from meat of pepper by hand. Thereafter the seeds were lyophilized (ALPHA 1-4 LSC) for 24 hours and stored at −20 °C until use. The pepper seeds were homogenized by seed grinder. The samples were extracted with ethanol for 1 hour using Magnetic stirrer MSH 300 (BIOSAN). Solvent was evaporated at 40 °C in 175 mbar with BÜCHI ROTAVAPOR R-210 (Switzerland) until oil drops appeared. Thereafter, the samples were centrifuged (SIGMA 2-16 SARTORIUS) for 5 min 10 000 min^−1^. Supernatant was added to phosphate buffer forming 1:1 mixture, which was centrifuged (SIGMA 2-16 SARTORIUS) for 5 min 10 000 min^−1^. Lower phase was further purified. Fractionation of pepper seed extract was performed using preconditioned Strata-X-C cartridges in cation exchange mode. Conditioning of cartridges was performed with 6 ml methanol then with 6 ml of phosphate buffer, pH = 3. 1.5 ml sample was eluted with 2 % formic acid then methanol and finally methanol containing 5 % NH~4~OH. The latter fraction was collected and evaporated. Samples were dissolved in 100 μl ethanol prior to HPLC analysis.Fig. 8Schematic diagram of sample preparation.Fig. 8

### 4.2.6. Analysis of purified fraction with HPLC-system {#sec4.2.6}

Measurements were carried out using the instrumental system described in Section 2.2.2. The fraction obtained after solid phase extraction was analysed on a Supelcosil LC-8 DB column (5 μm, 150 mm × 4.1 mm) using gradient elution. Eluents A was 0,011 M potassium-dihydrogen-phosphate in water pH = 4,5; eluent B was methanol. HPLC running conditions consisted of the following linear gradient steps:5 min solvent A 100%,5--10 min solvent B to 10%,10--30 min solvent B to 35%,

Flow rate was 2 ml min^−1^ and oven temperature was kept at 25 °C. UV detection was used at 250 nm wavelength.

### 4.2.7. HPLC-MS/MS fragmentation experiments {#sec4.2.7}

Prior to MS a reversed-phase chromatographic separation was used. 10 μl of standard solution of allithiamine was injected to a Thermo Scientific Ultimate 3000 RS system equipped with a Thermo Accucore C18 column (100/2.1, 2.6 μm). Eluent A (500 ml of water containing 10 ml of methanol, 0.5 ml of formic acid and 2.5 mM of ammonium formate (pH 2.7) and eluent B (500 ml of methanol containing 10 ml of water, 0.5 ml of formic acid and 2.5 mM of ammonium formate) were mixed in 50--50%. Flow rate was 0.2 ml/min. The chromatography system was coupled to a Thermo Scientific Q Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific Inc., Waltham, USA) equipped with an electrospray ionization source (ESI). The mass spectrometer was operated with the following parameters: capillary temperature 320 °C, spray voltage 4.0 kV, the resolution was set to 70000. The mass range scanned was 100--1000 m/z. The maximum injection time was 100 ms. Sheath gas flow rate was 32 arb, aux gas flow rate was 7 arb.

Fragmentation of allithiamine was studied in positive ionisation mode at 40 Normalized Collision Energy (NCE).

### 4.2.8. Animal experiments {#sec4.2.8}

#### 4.2.8.1. Ethical aspects {#sec4.2.8.1}

Study protocol was formally approved by the University of Debrecen Animal Ethics Committee. The experiments presented conform to European Community guiding principles for the care and use of laboratory animals. The experimental protocols applied had been approved by the local ethical boards of the University of Debrecen, Hungary (26/2012 DE MÁB).

#### 4.2.8.2. Animals and diabetes induction {#sec4.2.8.2}

Sixty male C57BL/6J mice (29-35 g) were used throughout the study. After arrival the animals were placed in quarantine for a week. This period also served for acclimatization. Mice were housed in an animal room within the temperature range of 22--25 °C and the relative humidity range of 50--70%. Light/dark cycle was set to lights on at 7:00 am and off at 7:00 pm. After the acclimatization period animals were randomized into 4 treatment groups 15 mice per group as follows. One week after a preliminary tail flick test to determine initial pain sensation insulin dependent diabetes was induced by means of streptozotocin (STZ), 200 mg/kg intraperitoneally in three groups. Mice assigned to the fourth group were injected intraperitoneally with the vehicle of STZ (100 mM citrate buffer with pH set at 4.5). These mice served as the healthy control (HC) group. A week after STZ treatment, fasting blood glucose was measured from a drop of blood obtained from the tail by cutting its tip. All mice became diabetic one week after STZ treatment, so none of the mice had to be excluded from the experiment due to insufficient diabetes induction.

#### 4.2.8.3. Allithiamine, benfotiamine treatment {#sec4.2.8.3}

Drug treatment was commenced after a week of STZ treatment. Animals were treated once a day with oral dose of 100 mg/kg allithiamine (STZ-A group) or benfotiamine (STZ-B group) over 5 weeks in a solution concentration of 30 mg/ml that ensured that the daily given volume does not exceed 0.15 ml. Both HC and diabetic control (STZ-C group) mice received drug vehicle (ethyl alcohol:water 1:9). The dose selection was based on the literature that proved to be effective to significantly elevate the thiamine level in the blood as well as in the liver ([@bib32]).

#### 4.2.8.4. Tail flick test {#sec4.2.8.4}

The effect of benfotiamine and allithiamine on pain sensation in diabetic mice was assessed by means of the tail flick test. One week prior to the commencement of treatment (vehicle, benfotiamine or allithiamine) mice were habituated to the testing procedures and handling by the investigator. The test is based on the measurement of the tail-flick latency after immersion of the tail in a hot water bath of 49 ± 0.5 °C. Latency time was determined by a vigorous tail flick. In order to prevent tissue damage, a cut-off time of 15 s was applied. If an animal reached this cut-off time, then the tail was removed from the water, and the animal was assigned the maximum score. The pretreatment values were determined a week before the diabetes induction, while the post treatment value was determined on the 33^nd^ day of the treatment.

### 4.2.9. Statistical analysis {#sec4.2.9}

Data were expressed as means ± standard error of means. Data were statistically analysed using one-way analysis of variance (ANOVA) followed by a modified t-test for repeated measures according to Tukey\'s method. The level of significance was set at p \< 0,05.
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